Background: The understanding of ovarian cancer pathogenesis has recently shifted to recognize distinct changes in how ovarian cancer histotypes are defined. Using the 2014 World Health Organization (WHO) diagnostic guidelines, we classified ovarian cancer histotypes in Surveillance, Epidemiology, and End Results (SEER) cancer registry data and examined survival patterns by histotype and disease stage. Methods: We extracted data on 28 118 incident epithelial ovarian cancer cases diagnosed in 2004-2014 from SEER and defined histotype using the 2014 WHO guidelines (high-grade serous, low-grade serous, endometrioid, clear cell, mucinous, carcinosarcoma, and malignant Brenner tumors). By histotype and disease stage, we estimated Kaplan-Meier survival curves and calculated age-adjusted overall and cause-specific survival estimates. Cox proportional hazards regression models were used to estimate histotype-specific hazard ratios (HRs) and 95% confidence intervals (CIs) by disease stage while adjusting for age at diagnosis, region, race/ethnicity, and receipt of surgery. Results: Within two years after diagnosis, localized/regional-stage carcinosarcoma and distant-stage mucinous, clear cell, and carcinosarcoma had a higher risk of mortality compared with high-grade serous, with the most pronounced association for localized/regional carcinosarcoma (>1-2-year time period: HR ¼ 3.81, 95% CI ¼ 2.74 to 5.30) and distant-stage mucinous (0-1-year time period: HR ¼ 3.87, 95% CI ¼ 3.45 to 4.34). In the time period more than four to 10 years after diagnosis, hazard ratios for all histotypes relative to high-grade serous, irrespective of disease stage, were less than 1.00. Cumulatively, both localized/regional and distant-stage low-grade serous and endometrioid carcinomas had the most favorable outcomes. Conclusions: Our large study, which is representative of the United States population and incorporates the most current knowledge of ovarian cancer pathogenesis, highlights the need to recognize ovarian cancer as a set of distinct diseases and not a single entity. Only then will we be able to effectively target the unique features of each histotype to reduce ovarian cancer mortality.
. Additionally, many tumors historically designated as highgrade endometrioid show immunohistochemical similarities to high-grade serous and would be more accurately classified as such (16) . Pathologists are now able to reproducibly assign these categories with judicious use of ancillary immunohistochemistry (17) . The World Health Organization (WHO) classification guidelines for female reproductive tumors (18) were modified in 2014 to incorporate these findings, and they delineate seven EOC histotypes: high-grade serous, low-grade serous, endometrioid, mucinous, clear cell, carcinosarcoma (analogous to malignant mixed Mullerian/mesodermal tumors), and malignant Brenner tumors. Given that these refined definitions more accurately reflect EOC pathogenesis, in the present study, we applied the 2014 WHO guidelines (18) to nationally representative, population-based cancer registry data to evaluate survival patterns by histotype. Due to the markedly different outcomes by extent of disease (1), we present survival patterns separately by disease stage.
Methods

Study Population
Ovarian cancer cases were identified through the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program, which collects data on every cancer case reported from 20 geographic areas of the United States (approximately 28% of the population) that represent the underlying demographics for the entire US population (19) . Women meeting the following criteria were extracted from the SEER 18 registries in the November 2016 data submission (20) (22) , which uses the Collaborative Staging algorithm to combine clinical and pathologic information on the extent of disease to assign stage for diagnoses in 2004 and later. The SEER staging system corresponds to the commonly used International Federation of Gynecology and Obstetrics (FIGO) staging system in the following way: localized (FIGO I-A, I-B, I-not otherwise specified [NOS] ), regional (FIGO I-C, II-A, II-B, II-C, II-NOS), distant (FIGO III-A, III-B, III-C, III-NOS, IV) (22) . Cases identified only through an autopsy or death certificate were excluded due to the lack of follow-up time for survival analyses.
Histotype Classification
An expert gynecological pathologist (MK) reviewed the ICD-O-3 morphology codes for cases meeting the inclusion criteria and grouped them into the 2014 WHO EOC histotypes: serous, endometrioid, clear cell, mucinous, carcinosarcoma, and malignant Brenner tumors (Table 1) . Nonepithelial (eg, germ cell, sex cordstromal) and other miscellaneous epithelial tumors were excluded. As recommended by the 2014 WHO guidelines, we used a combination of grade and histology to further classify serous carcinomas into high-grade (grades 2-4) and low-grade (grade 1) serous, and we reclassified high-grade endometrioid tumors (grades 3-4, n ¼ 1239) as high-grade serous carcinomas (18, 23) . All serous or endometrioid cases missing grade were excluded (n ¼ 4854 and n ¼ 500, respectively). Carcinoma, NOS, and mixed histotypes were historically used but are no longer represented in the 2014 WHO guidelines. As many epidemiologic studies of EOC were conducted prior to 2010 (25) with data on these historic histotypes, we include these histotypes for reference but not as a focus of the present study.
Statistical Analysis
Survival was defined as time from diagnosis until death or until time last followed. One-year, five-year, and 10-year agestandardized overall survival estimates were calculated by histotype and stage (localized, regional, and distant) using the actuarial method in SEER*Stat (26) , and 95% confidence intervals (CIs) were calculated using the log(-log()) transformation. Age standardization was completed using the International Cancer Survival Standard weights for cancer sites with increasing incidence by age (27) . Where age-adjusted survival estimates could not be calculated due to small numbers, crude survival estimates are provided.
We also calculated cause-specific survival, which represents the probability of surviving EOC in the absence of other causes of death. A cancer registry-derived algorithm processes death certificate data to assign a single cause of death, which is then used to define cause-specific death as any cancer death due to the primary site of origin, the general organ system of the primary site, other malignant tumors, or a death from AIDS with cancer (28) . While all cases were included to calculate overall survival estimates, other causes of death were considered censored observations, and cases with a missing or unknown cause of death (n ¼ 204) were excluded to calculate cause-specific survival estimates.
Using Stata, version 14.0 (Stata Corporation, College Station, TX), we estimated unadjusted Kaplan-Meier survival curves by histotype and stage and used Cox proportional hazards regression models to estimate hazard ratios (HRs) and 95% confidence intervals for the association between histotype and survival (with high-grade serous as the reference group), separately by stage. For these analyses, localized and regional were combined due to small numbers. Cox models were adjusted for age at diagnosis, region, race/ethnicity, and surgery. Localized/regional models were additionally adjusted for stage (localized, regional). Likelihood ratio tests were used to assess heterogeneity by histotype. We evaluated the proportional hazards assumption for these models overall and for each covariate using Schoenfeld residuals. Irrespective of stage, a violation of proportional hazards was observed for histotype (P < .05), primarily due to time-varying survival patterns for mucinous, clear cell, and carcinosarcoma. Therefore, we separated the Cox models into four time periods: zero to one, more than one to two, more than two to four, and more than four to 10 years after diagnosis. However, a violation of proportional hazards was still present for the zero to one-and more than one to two-year time periods for distant disease. Surgical status also violated proportional hazards for the zero to one-year time period and was included as a strata variable in the Cox models to allow for different baseline hazard functions by surgical status.
Results
The present analysis included 28 118 EOC cases ( Table 2 ). The most common histotype was high-grade serous (63.4%), followed by endometrioid (9.9%), clear cell (9.6%), mucinous (9.4%), carcinosarcoma (4.9%), low-grade serous (2.5%), and malignant Brenner tumors, which are quite rare (0.3%). In comparison with other histotypes, low-grade serous, endometrioid, clear cell, and mucinous were diagnosed at younger ages, and a higher percentage of Asian/Pacific Islanders were diagnosed with clear cell. About half of low-grade serous were diagnosed at distant stage, while the majority of high-grade serous and carcinosarcoma were diagnosed at distant stage, and all other histotypes were more commonly diagnosed at localized/regional stage. A higher percentage of women diagnosed with carcinosarcoma and mucinous did not have surgery compared with other histotypes (10.9% and 7.8% vs 0.0%-3.0%, respectively). The majority of women who did not have surgery were diagnosed with distant-stage disease (91.5%; data not shown).
Irrespective of stage, the best survival outcomes were observed for endometrioid and low-grade serous ( Figure 1 ). Among women with localized/regional disease, carcinosarcoma cases experienced the worst survival, especially within two years after diagnosis. For distant disease, survival for clear cell, mucinous, and carcinosarcoma was poor and fairly similar, with a markedly high rate of mortality within the first two years after diagnosis.
The one-year, five-year, and 10-year age-standardized overall survival estimates by histotype and stage are provided in Table 3 . For localized disease, one-year and five-year survival estimates were greater than 80% for all histotypes, except carcinosarcoma, which had worse outcomes at five years after diagnosis (70.7%, 95% CI ¼ 56.3% to 81.1%). At 10 years, malignant Brenner tumors had the worst survival (59.1%, 95% CI ¼ 31.9% to 78.5%), and survival for mucinous, carcinosarcoma, and highgrade serous declined to less than 70%. For regional disease, one-year survival estimates were approximately 80% or greater for all histotypes. At five years after diagnosis, all histotypes except low-grade serous and endometrioid had survival estimates lower than 80%, with the worst outcomes for carcinosarcoma (38.6%, 95% CI ¼ 32.0% to 45.1%). Carcinosarcoma still had the worst survival at 10 years (29.0%, 95% CI ¼ 22.4% to 35.9%). Across each time interval and irrespective of disease stage, lowgrade serous had the best outcomes. For distant disease, survival estimates were less than 40% within the first year after diagnosis for mucinous (37.9%, 95% CI ¼ 33.9% to 41.8%) and about 60% for clear cell and carcinosarcoma (63.3%, 95% CI ¼ 58.5% to 67.6%, and 60.0%, 95% CI ¼ 56.8% to 63.0%, respectively). All other histotypes had survival estimates greater than 80% during this time period. By five years after diagnosis, most histotypes had a survival of less than 35%, with clear cell, carcinosarcoma, and mucinous at or less than 22%. The 10-year survival estimates for clear cell, mucinous, and carcinosarcoma (which are not age-adjusted due to small numbers) were generally similar to the five-year age-adjusted survival estimates. For all other histotypes, survival continued to decline five to 10 years after diagnosis. Low-grade serous had the best survival of all distant-stage histotypes, but still, only 37.3% (95% CI ¼ 29.0% to 45.7%) survived 10 years after diagnosis.
Cause-specific survival estimates were similar to overall survival estimates, although slightly greater in magnitude (Supplementary Table 1 , available online). The difference between these two estimates was more pronounced for localized and regional disease, as the duration of survival time increased. The largest differences between the cause-specific and overall survival estimates were observed for localized and regional mucinous and endometrioid.
Similar survival patterns by histotype and stage persisted after adjustment for demographic and clinical characteristics (Table 4) . For localized/regional disease, endometrioid and lowgrade serous had a lower risk of mortality compared with highgrade serous across the entire survival period. In comparison with high-grade serous, women with early-stage carcinosarcoma had the highest risk of mortality in the first four years after diagnosis, with the most pronounced hazard ratio in the more than one to two-year time period (HR ¼ 3.81, 95% CI ¼ 2.74 to 5.30). In the more than four to 10-year time interval, hazard ratios for all histotypes relative to high-grade serous were less than 1.00; however, the cumulative mortality for carcinosarcoma remained notably lower than for high-grade serous during these years ( Figure 1A ).
Among women with distant disease, a higher risk of mortality was observed within the first two years after diagnosis for mucinous, clear cell, and carcinosarcoma compared with highgrade serous, with the most striking hazard ratio observed in the first year after diagnosis for mucinous (HR ¼ 3.87, 95% CI ¼ 3.45 to 4.34) ( Table 4) . Within certain time intervals after diagnosis, hazard ratios for some histotypes indicated a reduced risk of mortality relative to high-grade serous (eg, >4-10 years for mucinous and clear cell); nevertheless, cumulative survival remained lower among those histotypes than for high-grade serous ( Figure 1B) . Throughout the entire survival period, lowgrade serous had better survival than high-grade serous.
Supplementary Figure 2 and Supplementary Tables 2 and 3 (available online) provide the Kaplan-Meier survival curves, survival estimates, and hazard ratios for carcinoma, NOS, and mixed histotypes by stage, respectively. Survival patterns for carcinoma and NOS were poor irrespective of stage and closely resemble carcinosarcoma. For mixed histotypes, survival patterns were similar to endometrioid for localized/regional stage but high-grade serous for distant stage.
Sensitivity Analyses
Due to the likely common pathogenesis of ovarian, fallopian tube, and primary peritoneal cancers (29) and the recent understanding that most high-grade serous likely originate in the fallopian tube (30), we estimated overall and cause-specific survival including these additional primary sites (ICD-O-3 primary site: C57.0 fallopian tube, C48.1 peritoneum) (Supplementary Table 4 , available online). Generally, survival estimates were similar, with the greatest magnitude of change for high-grade serous, where 2136 cases were added to the analysis, and survival estimates were slightly lower than those for primary ovary only. To evaluate whether excluding serous and endometrioid carcinomas with unknown grade impacted our results, we repeated the analyses assuming serous cases missing grade (n ¼ 4854) were high-grade serous, while endometrioid cases missing grade were high-grade serous if distant stage (n ¼ 123) or endometrioid if localized/regional stage (n ¼ 377). The survival patterns were practically identical to our main analyses, with only a slightly poorer survival observed for high-grade serous (Supplementary Figure 3, available online) .
Discussion
The present analysis of SEER data comprehensively assessed EOC histotype-specific survival using the current WHO classification and provided data on the largest sample of carcinosarcoma and malignant Brenner tumors to date. We observed the most favorable outcomes for low-grade serous and endometrioid irrespective of stage and strikingly high mortality rates for carcinosarcoma and distant-stage mucinous and clear cell, especially within two years after diagnosis. However, in multivariable analyses, both localized/regional and distant-stage high-grade serous had higher mortality four or more years after diagnosis in comparison with the other histotypes.
Previously published data on histotype-specific survival patterns have been somewhat inconsistent and suffer from several limitations. The majority of studies (6) (7) (8) (9) 12, (31) (32) (33) (34) (35) (36) were published prior to the 2014 WHO guidelines and do not reflect the current knowledge of EOC pathogenesis. Even a study published in 2017 (13) examining racial and histologic differences in EOC survival did not delineate between high-and low-grade serous. Furthermore, histotype-specific survival estimates were not always presented by disease stage, and as a result, it was reported that women with serous carcinoma had worse outcomes than mucinous and clear cell (6, 7) . Our study, along with several others (9, (31) (32) (33) (34) (36) (37) (38) , observed markedly higher mortality among distant-stage mucinous and clear cell; however, the prior studies focused on specific subgroups of women with EOC (eg, stage IV disease, clear cell only) and do not offer a comprehensive assessment of histotype by stage. Another limitation of previous reports is the use of relative survival estimates (7, 8, 13) , which compare the observed survival of cancer patients with the expected survival of a group of cancer-free individuals, typically the general population. Utilizing the general population is biased because the general population includes women who have had an oophorectomy and are no longer at risk for ovarian cancer.
Histotype-specific survival patterns are likely a result of differences in tumor biology and treatment effectiveness by histotype. The recommended primary treatment for EOC is currently cytoreductive surgery and a combination of platinum and taxane-based chemotherapy (39) . Late-stage mucinous and clear cell often progress with platinum-based chemotherapy (40) (41) (42) . This is reflected in the survival curves for these histotypes, where the mortality rate is particularly high in the two years following diagnosis but eventually levels off and remains constant. The dismal survival pattern for carcinosarcoma is likely due to the aggressive clinical behavior of these neoplasms and the lack of effective therapy (43) . In comparison, an initial responsiveness to firstline chemotherapy for high-grade serous (41) and the more indolent nature of low-grade serous and endometrioid is reflected in the gradual decline in survival a few years after diagnosis.
Although the majority of women diagnosed with EOC die of their disease, varying proportions survive more than 10 years after diagnosis, depending on histotype and stage. Recent studies (44) (45) (46) (47) have reported that several factors are suggestively associated with long-term survival, including a younger age at diagnosis, nonserous histotypes, early-stage disease, no gross residual disease after cytoreductive surgery, absence of ascites, and lower CA-125 levels. While our results show that women with some of the nonserous histotypes are more likely to survive long-term than those with the high-grade serous subtype, distant-stage mucinous, clear cell, and carcinosarcoma have similar or worse 10-year survival estimates than distant-stage high-grade serous. Thus, future investigations of characteristics associated with long-term survival should be evaluated separately by histotype and stage.
We observed a higher prevalence of early-stage low-grade serous compared with other reports (15, 48) , which may be due to a portion of these that would now be considered serous borderline tumors. Furthermore, this histotype was only recently introduced into the WHO guidelines, and we inferred it based on reported grade. Thus, in our study, some low-grade serous were likely missed as historically they may have been assigned to grade 2. Nevertheless, the survival estimates are within the expected range. Likewise, the proportion of mucinous carcinoma is relatively high, and influx of misclassified metastatic gastrointestinal carcinomas is likely. However, Zaino, et al. (49) showed no difference in survival between distant primary or metastatic mucinous carcinoma. We recognize that our study has some limitations. The proportional hazards assumption was not met for distant disease during the zero to one-and more than one to two-year time periods, which may result in biased estimates. However, the observed survival patterns were consistent across all analytic approaches. Treatment data in SEER during the time period studied are limited, with information only available for receipt of surgery, and no data were available for chemotherapy or the extent of residual disease after cytoreductive surgery. Moreover, SEER does not have data on additional prognostic factors (eg, smoking status, obesity), precluding our ability to evaluate confounding. We were unable to assess the impact of histotype on progression-free survival, which is important for EOC considering that tumors will recur in approximately 70% of women with advanced disease (50) . The accuracy of cause of death on death certificates may be questionable (51); however, a notably high accuracy for EOC has been reported (52, 53) , suggesting that the degree of bias in the present study is likely minimal. Also, histotype classification may not completely align with current practice. Gilks et al. (54) identified that upon re-review, some high-grade endometrioid were reclassified as high-grade serous. We reduced the impact of this known problem by classifying high-grade endometrioid as high-grade serous. We acknowledge that a small group of true high-grade endometrioid do exist, but future studies with modern classification are required to assess their behavior. The large numbers, particularly for high-grade serous, also allow for robust results unlikely to be confounded by misclassification. With the adoption of the 2014 WHO guidelines in clinical practice and improved diagnostic reproducibility of histotype diagnosis among pathologists (16, 55) , our data provide reference survival estimates to monitor treatment success by histotype and stage.
In summary, our study was able to overcome considerable limitations of previous work to provide survival patterns by histotype that reflect our current knowledge of EOC pathogenesis. We observed substantial histotype-specific survival differences, with a markedly high mortality rate among carcinosarcoma and distant mucinous and clear cell a few years after diagnosis. These findings underscore the need to develop therapeutics targeting the unique molecular features of each histotype. Recognizing that EOC represents several distinct disease processes remains an important goal to reducing the mortality of this deadly disease.
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